Cross sections for the coherent photoproduction of ρ 0 vector mesons in ultra-peripheral Pb-Pb collisions at √ s NN = 5.02 TeV are reported. The measurements, which rely on the π + π − decay channel, are presented in three regions of rapidity covering the range |y| < 0.8. For each rapidity interval, cross sections are shown for different nuclear-breakup classes defined according to the presence of neutrons measured in the zero-degree calorimeters. The results are compared with predictions based on different models of nuclear shadowing. Finally, the observation of a coherently produced resonance-like structure with a mass around 1.7 GeV/c 2 and a width of about 140 MeV/c 2 is reported and compared with similar observations from other experiments. * See Appendix A for the list of collaboration members ρ 0 photoproduction in Pb-Pb UPC at √ s NN = 5.02 TeV ALICE Collaboration ρ 0 photoproduction in Pb-Pb UPC at √ s NN = 5.02 TeV ALICE Collaboration as forward-neutron classes. Furthermore, the observation of a resonance-like structure in the π + π − invariant mass spectrum at a mass around 1.7 GeV/c 2 is reported and compared with similar observations from other experiments.
Introduction
The electromagnetic field of a fast charged particle, such as those circulating in the Large Hadron Collider (LHC), is strongly Lorentz-contracted and its strength is dominated by the component perpendicular to the direction of motion, such that it can be described as a flux of quasi-real photons. The intensity of this photon flux is proportional to the square of the electric charge of the particle; thus when lead ions circulate in the LHC there are, in addition to the standard hadronic collisions, also copious photonuclear interactions. Ultra-peripheral collisions (UPC) are defined as those for which the impact parameter is larger than the sum of the radii of the incoming particles, in which case the occurrence of hadronic processes is strongly suppressed due to the short range nature of quantum chromodynamics (QCD), and photon-induced processes dominate the interaction rate. The physics of UPC and recent results obtained at the LHC are reviewed in [1, 2] .
The photonuclear production of a ρ 0 vector meson in Pb-Pb UPC at the LHC is particularly interesting, because its large cross section makes it a good tool to study the approach to the black-disk limit of QCD [3] . This process can be pictured as follows: a quasi-real photon, emitted by one of the Pb ions, fluctuates into a QCD object which then interacts elastically either with the other lead nucleus (coherent interaction) or with one of its nucleons (incoherent interaction) and produces a ρ 0 vector meson. The QCD object can be taken as a vector meson [4] , as a quark-antiquark colour dipole [5] [6] [7] , or one could consider intermediate diffractive hadronic states as done in the Gribov-Glauber approach [8] . In these processes, the mean transverse momentum of the produced vector meson is related to the size of the target in the impact parameter plane by a Fourier transformation; hence, it is restricted to be in the order of 60 (500) MeV/c for coherent (incoherent) interactions. In the coherent case the target nucleus remains intact, but in UPC of heavy nuclei the photon fluxes are so intense that further photon exchanges between the same nuclei may occur independently of the production of the vector meson and produce neutrons at beam rapidities due to electromagnetic excitation of one or both of the incoming nuclei [9] . The experimental signature of coherent ρ 0 photonuclear production is then the presence of a single ρ 0 vector meson with fairly low transverse momentum in the detector, accompanied sometimes by one or few neutrons at beam rapidities.
The coherent photonuclear production of a ρ 0 vector meson at midrapidity was extensively studied in Au-Au UPC at the Relativistic Heavy Ion Collider (RHIC) at three different centre-of-mass energies per nucleon pair √ s NN = 62.4 GeV [10] , √ s NN = 130 GeV [11] , and √ s NN = 200 GeV [12, 13] . It was also studied by ALICE at the LHC in Pb-Pb UPC at √ s NN = 2.76 TeV [14] .
A model based on a Glauber description [3] predicts cross sections twice larger than those measured at energies of 200 GeV [12] and 2.76 TeV [14] even though it is compatible with lower-energy data [10, 11] . The STARlight model [15, 16] , which is also based on a Glauber-like eikonal formalism, but does not take into account the elastic part of the elementary ρ 0 -nucleon cross section, successfully describes all the data mentioned above. The inclusion of photon inelastic diffraction into large-mass intermediate hadronic states within the Gribov-Glauber framework of nuclear shadowing provides a better comparison with data than the model based only on a Glauber description [8] . Nonetheless, the photoproduction of ρ 0 off nuclei is not yet satisfactorily described in all of its aspects and new measurements, particularly at higher energies, are needed to gain a better understanding.
This article reports the first measurement of coherent photonuclear production of ρ 0 vector mesons in Pb-Pb UPC at √ s NN = 5.02 TeV. The measurement was performed by the ALICE Collaboration with data recorded in the 2015 Pb-Pb run. The cross section for this process is measured as a function of the rapidity of the vector meson (y) in the range |y| < 0.8. At each rapidity, the cross sections are reported for the following nuclear-breakup classes defined by the appearance of neutrons at beam rapidities: 0n0n (no neutrons), 0nXn (neutrons are measured only on one beam side, either at positive or negative rapidity), and XnXn (neutrons are detected in both beam directions). In the following, they are denoted in general
The TPC [20] is the main tracking detector. It is a large cylindrical gas detector with a central membrane at high voltage and readout planes, composed of multi-wire proportional chambers, at each of the two end caps. It covers the full azimuthal range and |η| < 0.9 for tracks which fully traverse it. It provides up to 159 space points for track reconstruction and for particle identification by measuring the ionisation energy loss. Both the ITS and the TPC are inside a large solenoid magnet, which creates a uniform 0.5 T magnetic field parallel to the z-axis.
The V0 [21] is a set of two segmented scintillator counters, V0A and V0C. The V0A covers the range 2.8 < η < 5.1, while the V0C covers −3.7 < η < −1.7. The AD [22] is also a set of two arrays of scintillator detectors, ADA and ADC, placed further away from the nominal interaction point and covering 4.7 < η < 6.3 and −6.9 < η < −4.9, respectively. Both V0 and AD detectors participate in the first level trigger, and both detectors have timing resolution less than 1 ns.
There are two ZDC detectors, ZNA and ZNC, dedicated to the measurement of neutrons at beam rapidity [23] . They are located at either side of the nominal interaction point at ±112.5 m along the z-axis. These calorimeters determine the arrival time of the particles allowing beam-beam and beam-gas interactions to be separated. Furthermore, they have a good efficiency to detect neutrons with |η| > 8.8 and have a relative energy resolution of around 20% for single neutrons, which allows for a clear separation of events with either zero or a few neutrons at beam rapidities. This is illustrated in Fig. 1 , where the concentration of events corresponds to the cases of zero, one, two or more, neutrons detected.
The trigger used to obtain the data sample for the measurements described below is composed of five signals. Four of them veto any activity within the time windows for nominal beam-beam interactions in ADA, ADC, V0A and V0C. In addition, the SPD provides a topological trigger formed by four SPD triggered chips. These chips form two pairs, each pair with two chips falling in compatible azimuthal regions, but in different SPD layers. The trigger selects events with at least two pairs of chips having an opening angle in azimuth larger than 153 degrees. The reason to request this topology is that the ρ 0 photoproduction in Pb-Pb UPC at √ s NN = 5.02 TeV ALICE Collaboration coherently produced ρ 0 has very small transverse momentum, and thus the two pions from its decay are produced almost back-to-back in azimuth.
The integrated luminosity is determined using a reference trigger based on the multiplicity of the V0A and V0C detectors. The corresponding cross section is obtained using a Glauber model for hadronic Pb-Pb collisions [24] . The integrated luminosity for the measurements presented below is 485 mb −1 with a relative systematic uncertainty of 5%.
3 Analysis procedure
Event selection
Events that fulfil the trigger criteria described above are selected for further analysis if they contain exactly two tracks of opposite electric charge. To ensure a proper measurement, each track is required to have at least 50 space points in the TPC and one associated hit in each layer of the SPD. These SPD hits have to be matched to a triggered readout chip. Furthermore, each track has to have a distance of closest approach to the event interaction vertex of less than 2 cm in the z-axis direction and less than 0.0182 + 0.0350/(p trk T ) 1.01 cm in the plane transverse to the beam direction. Here p trk T denotes the transverse momentum of the track in GeV/c. The energy loss of each reconstructed track is measured in units of the standard deviation (σ π ) with respect to Bethe expectations for a pion passing the TPC. The track pair is accepted if n 2 σ π + + n 2 σ π − < 5 2 . This criterion rejects, in the considered mass range, the contribution from electrons, while there remains a small background from muon pairs which is discussed below. To veto activity in the pseudorapidity range covered by the AD and V0 detectors, their offline signals are studied. The offline reconstruction in these detectors is more precise than the online information, because it uses larger time windows than the trigger electronics and a more refined algorithm to quantify the signal. Events showing a reconstructed signal in any of ADA, ADC, V0A or V0C are rejected. Fig. 2 . The mass distribution shows the shape expected from a ρ 0 spectrum, while a diffraction dip is clearly seen in the transverse momentum distribution. In total, the signal sample contains almost 57 thousand events which passed all selection criteria.
The signal sample is further subdivided in forward-neutron classes. The assignment of an event to a class is based on the timing capabilities of the ZNA and ZNC detectors. Events in which the timing of the energy deposition in the calorimeter is consistent within ±2 ns with the neutron having been produced in a beam-beam collision are classified as having a forward neutron in the corresponding calorimeter.
Background subtraction and corrections for experimental effects
As a tool to quantify some of the remaining background contributions a special sample of events is selected fulfilling all criteria mentioned in Sec. 3.1, except that both tracks have the same electric charge. The invariant mass and transverse momentum distributions of this sample are shown in Fig. 2 . The distributions of same-charge pairs are used as an estimation of the amount and shape of the background from events with a measured opposite-charge pair and other charged tracks outside the acceptance of the detector. The contribution of same-charge pairs is at the level of 1% and is statistically subtracted from the signal sample.
Another potential background comes from events with two tracks with opposite electric charge and a neutral particle. The main contribution is expected from three-body decays of the ω vector meson. Dedicated Monte Carlo (MC) simulations of coherent ω photoproduction followed by the ω → π + π − π 0 decay demonstrate that the signal from such π + π − pairs from three-body ω decays concentrates at lower masses and higher transverse momenta than those considered for the signal-extraction procedure described below. This study, as well as all studies involving MC, use generated MC events, in this case from STARlight, passed through a detailed simulation of the ALICE detector.
The contribution from ρ 0 vector mesons produced in incoherent interactions is estimated by fitting a template produced by STARlight of the transverse momentum distribution. The template is fitted in the region of transverse momentum 0.25 < p T < 0.9 GeV/c to obtain its proper normalisation. The normalised template is used to estimate this contribution for p T < 0.2 GeV/c. The final yield of ρ 0 mesons is corrected by subtracting this contribution, which is 4%.
The efficiency of the SPD readout chips participating in the trigger is measured with a data-driven approach using a minimum bias trigger. Tracks selected without requiring two hits in the different SPD layers are matched to the readout chips they cross. A chip inefficiency affects each track, and thus each ρ 0 photoproduction in Pb-Pb UPC at √ s NN = 5.02 TeV ALICE Collaboration event differently. The efficiency maps obtained from data are incorporated into the Monte Carlo simulation of the signal and applied event-by-event. The overall effect corresponds to a global correction of about 17%.
The efficiency of the ZNA and ZNC to detect neutrons is estimated with two different methods. In the first method, a sample of MC events generated with the RELDIS program [25, 26] is used. The other method relies on a simple probabilistic model [27] applied directly to the raw data. Both methods yield compatible results, namely an efficiency of about 93% each for the ZNA and ZNC to detect neutron activity.
Good events in the 0nXn and XnXn classes are rejected when, in addition to the forward neutrons, other particles are created at large rapidities and leave a signal either in the AD or the V0 detectors. These extra particles come from the different possibilities of dissociation of nuclei, e.g. neutron emission, multifragmentation or pion production, and the corresponding cross sections are expected to be large [28] . The amount of good events with neutrons which are lost due to vetoes by AD and V0 is estimated using control triggers. The corrections amount to 26% for events with a signal either in ZNA or in ZNC, while it is 43% for events with a signal in both ZNA and ZNC.
Good events are also rejected if another interaction creates a signal in one of the veto detectors, an effect known as pile-up. The main pile-up comes from purely electromagnetic interactions producing a low mass electron-positron pair. The probability of the occurrence of pile-up is correlated with the average number of inelastic hadronic collisions per bunch crossing (µ), which for the data used in this analysis varied from µ = 0.0002 to µ = 0.0015. The effect of pile-up is estimated using two different methods. One method uses an event sample obtained with an unbiased trigger based only on the timing of bunches crossing the interaction region. This sample is separated into periods with specific µ values. The probability of a signal in each of the veto detectors is computed for each value of µ in otherwise empty events using the unbiased sample. This probability exhibits a linear behaviour as a function of µ.
The veto inefficiencies are determined by weighting the corresponding veto rejection probabilities over periods with different µ, taking the luminosity of each period as a weight. The correlation between the online and offline vetoes is taken into account. The second method divides the signal sample described in Sec. 3.1 into subsets of events with a specific range of µ values. Each one of these sub-samples is subjected to the full analysis chain. The final cross sections show a linear dependence on µ. The intercept at µ = 0 is taken as the pile-up corrected cross section in this method. The two approaches produce slightly different results. The average of both results is used as the final correction factor of 11.1%.
Pile-up also affects the classification on forward-neutron classes. Electromagnetic dissociation processes [23] have a large cross section and produce neutrons at beam rapidities. Using the same unbiased sample as described above, the average pile-up probability is measured to be 3.3% in both ZNA and ZNC.
Finally, the product of the acceptance times efficiency to measure the coherently produced ρ 0 vector meson is determined using event samples generated with STARlight. Two different samples are used: one of pure coherent ρ 0 photoproduction and the other produced with a flat mass distribution. Both approaches yield similar correction functions for the invariant mass spectrum. The acceptance times efficiency rises smoothly from 15% to 19% in the mass range from 0.6 GeV/c 2 to 1.2 GeV/c 2 and remains constant for larger masses.
Signal extraction
The invariant mass distribution, corrected by all effects described above and normalised by the luminosity of the sample, is fitted to the sum of a Söding formula [29] and a term M to account for the contribution ρ 0 photoproduction in Pb-Pb UPC at √ s NN = 5.02 TeV ALICE Collaboration
where A is the normalisation factor of the ρ 0 Breit-Wigner (BW ρ ) function, and B is the non-resonant amplitude. The relativistic Breit-Wigner function of the ρ 0 vector meson is
where m ρ 0 is the pole mass of the ρ 0 vector meson. The mass-dependent width Γ(m) is given by
with Γ(m ρ 0 ) the width of the ρ 0 vector meson and m π the mass of the pion [30] .
Instead of Eq. (1), one could also consider an extended model that includes a term for the production of ω vector mesons as done recently by STAR [13] . The use of such a model would not affect the results presented here for the ρ 0 vector meson, but, unfortunately, the size of the current data sample does not allow for the extraction of the parameters related to ω production.
The invariant mass dependence of the γγ → µ + µ − process is obtained by a sample of events from STARlight which are passed through a detailed simulation of the ALICE detector and scaled using the correction factors obtained for the ρ 0 case. The normalisation is fixed to the cross section predicted by STARlight, because this MC correctly describes the cross section of the γγ → e + e − process in the ρ 0 mass range in our previous measurement [31] .
An example of this fit is shown in Fig. 3 . A clear signal for the ρ 0 vector meson is visible. The contribution from the γγ → µ + µ − process is small. The values found for the pole mass and width of the ρ 0 are 769.5 ± 1.2 (stat.) ± 2.0 (syst.) MeV/c 2 and 156 ± 2 (stat.) ± 3 (syst.) MeV/c 2 , respectively.
(The estimation of the systematic uncertainty is described below.) These values are consistent with those reported by the PDG [32] . These parameters are then fixed to their PDG values when extracting the coherent ρ 0 yield.
Following the standard convention, the cross section for coherent production of ρ 0 vector mesons in UPC is extracted by integrating the BW ρ component of the fit in the invariant mass range from 2m π to m ρ 0 + 5Γ(m ρ 0 ). Measurements are reported for the following ranges of rapidity: |y| < 0.2, 0.2 < |y| < 0.45, and 0.45 < |y| < 0.8. The ranges are chosen to have approximately the same number of pion pairs and to have a number of pairs large enough to allow for a meaningful measurement of the cross sections for the different forward-neutron classes.
Signal extraction at large invariant masses
The uncorrected invariant mass distribution for m > 1.2 GeV/c 2 is shown in Fig. 4 , which also shows the distribution of transverse momentum for pion pairs in the mass range from 1.6 GeV/c 2 to 1.9 GeV/c 2 . The latter distribution peaks at small p T , as expected from coherent production. The contribution of like-sign pion pairs is very small in this region. The invariant mass distribution is fitted with the same model as used by the STAR Collaboration [33] , where N ππ is the number of pion pairs, P i are parameters describing the background and the normalisation of the Gaussian part, and M x (Γ x ) represent the mass (width) of a potential resonance. As mentioned previously, the acceptance times efficiency correction factor in this mass range is fairly flat, so the uncorrected spectrum is a good approximation of the real one.
The fit to the invariant mass distribution shown in Fig. 4 
Systematic uncertainties
The fit to extract the ρ 0 contribution, see Eq. (1), is repeated choosing random combinations of the lower and upper limits of the fit range, as well as of the bin width. The lower and upper limits are varied in the ranges (0.6-0.65) GeV/c 2 and (1.0-1.4) GeV/c 2 , respectively, while the bin widths are varied from 0.05 to 0.2 GeV/c 2 . The results reported below, as well as the above quoted values for the pole mass and width of the ρ 0 , are the average of the values obtained in these fits, while the RMS provides the systematic uncertainty, which varies from 0.4% to 5.9%, the largest values corresponding to the XnXn sample. The statistical uncertainty is taken as the average of the statistical uncertainty of each one of ρ 0 photoproduction in Pb-Pb UPC at √ s NN = 5.02 TeV ALICE Collaboration the fits. This uncertainty is uncorrelated across rapidity and forward-neutron classes. The fit procedure is performed using both a χ 2 approach and a binned extended log-likelihood. The results from both methods are consistent.
A Ross-Stodolsky function [34] is used as an alternative model. This model yields cross sections larger by 3.5% than those obtained from the Söding model. This difference is considered as a systematic uncertainty.
The uncertainty on the track selection is estimated by changing the track selection criteria within reasonable values and repeating the full analysis. The uncertainty corresponds to the full variation of the results and amounts to ±1.5%. The uncertainty on the matching of TPC and ITS tracks is obtained by comparing the behaviour of real and simulated data under different detector conditions; it amounts to ±4%.
The uncertainty on the acceptance and efficiency to reconstruct the ρ 0 vector meson is estimated from the full variation of the results when using the two different MC samples discussed above, namely a flat mass distribution or that of a ρ 0 meson sample. It amounts to ±1%.
The uncertainty on the normalisation of the template for the γγ → µ + µ − process is estimated as follows.
The statistical uncertainty of the γγ → e + e − cross section in our previous measurement [31] is around 10% and within this precision it agrees with the prediction from STARlight, validating the use of this MC in this mass range. Changing the normalisation of the γγ → µ + µ − template in the fit by ±10%, produces a ±0.3% systematic uncertainty on the extracted ρ 0 cross section.
The fit to extract the incoherent contribution is repeated using different lower and upper limits, as well as bin widths. The respective ranges in transverse momenta are (0.25-0.4) GeV/c, (0.6-0.9) GeV/c, and (0.06-0.18) GeV/c. These variations produce a 0.5% systematic uncertainty.
The uncertainty associated to the determination of the trigger efficiency of the SPD chips is obtained by changing the requirements on the events used for this data-driven method. Variations include the running conditions, the maximum amount of activity allowed in the event, and the definition of tracks accepted in the efficiency computation. This uncertainty amounts to 1%.
The uncertainty on the pile-up correction from the difference of the two procedures described above is ±3.8% for the ρ 0 cross section. The systematic uncertainty due to pile-up contamination affecting the classification on the forward-neutron classes is discussed below.
Cross sections obtained in positive and negative rapidity ranges agree within statistical uncertainties, as expected by the symmetry of the process. Similarly, cross sections for the 0nXn class with neutrons at positive rapidities are compatible within statistical uncertainties with those with the neutrons at negative rapidities.
Except the first, all other sources of systematic uncertainty discussed above are correlated across different rapidity intervals and forward-neutron classes. They are summarised in Table 1 . The total uncertainty is obtained by adding in quadrature the individual contributions.
The uncertainty on the correction for good 0nXn and XnXn accompanied by particle production leaving a signal in the AD and V0 and being rejected due to the vetoes imposed in these detectors are estimated by varying the selection criteria in the control samples as well as by modifying the pile-up probability in these samples within their uncertainties. The uncertainty on the correction factors amounts to 4% and 5% for the 0nXn and XnXn cases, respectively. The effect of these uncertainties on the final cross sections is reported in Table 2 . There is an effect in the 0n0n cross section due to the migrations among neutron classes discussed next.
The cross sections for the different forward-neutron classes have another uncertainty related to migrations ρ 0 photoproduction in Pb-Pb UPC at √ s NN = 5.02 TeV ALICE Collaboration across classes. It is estimated by propagating the uncertainty in the pile-up and efficiency factors in ZNA and ZNC. The uncertainty in the efficiency is obtained from the comparison between both models used to estimate it (see Sec. 3.2) and amounts to 1% for both ZNA and ZNC. The uncertainty in the pile-up in ZDC originates from the statistical uncertainty of the different samples of unbiased events for each µ value and amounts to 0.3%. The effect of these uncertainties on the cross sections in forward-neutron classes is summarised in Table 3 . These uncertainties only move events from one class to another, meaning that some of the uncertainties are anti-correlated among the classes. Note that the 0nXn cross section is particularly sensitive to the pile-up uncertainty. This is due to the large difference in the values of the 0n0n and 0nXn cross sections which, in the case of pile-up, produces sizeable migrations into the 0nXn class. Figure 5 shows the cross section for the coherent photoproduction of ρ 0 vector mesons in Pb-Pb UPC as a function of rapidity. The measurements are performed for ranges in the absolute value of rapidity. For display purposes, the measurements are shown in Fig. 5 at positive rapidities and reflected into negative rapidities. The cross sections are reported numerically in Table 4 . Data are compared with the following models:
STARlight. This model is based on a phenomenological description of the exclusive production of ρ 0 vector mesons off nucleons, the optical theorem, and a Glauber-like eikonal formalism, neglecting the elastic part of the elementary ρ 0 -nucleon cross section, to describe nuclear effects [15, 16] . [35] . In the figures the variations of the prediction on the uncertainty of theory parameters are shown as upper and lower limit of the model; see [8] for details. GMMNS. This model by Goncalves, Machado, Morerira, Navarra and dos Santos (GMMNS) [36] is based on the Iancu-Itakura-Munier (IIM) [37] implementation of gluon saturation within the ρ 0 photoproduction in Pb-Pb UPC at √ s NN = 5.02 TeV ALICE Collaboration CCKT. This model by Cepila, Contreras, Krelina and Tapia (CCKT) is based on the colourdipole model with the structure of the nucleon in the transverse plane described by so-called hot spots, regions of high gluonic density, whose number increases with increasing energy [38, 39] . The nuclear effects are implemented along the ideas of the Glauber model proposed in [40] . To highlight the effect of sub-nucleon structure, two versions of the model are presented: one without hot spots (marked as nuclear in the figures) and one including the hot-spot structure.
The modification of the photon flux due to the emission of the forward neutrons is carried out in the first three models as proposed in [9] . The fourth model uses the n O O n afterburner described in [41] . Figure 5 shows that the lower limit of the GKZ model gives a good description of the 0n0n cross section and underestimates a little bit the 0nXn and XnXn cross sections while the upper limit of the same model overestimates the 0n0n, slightly underestimates the 0nXn and describes the XnXn cross sections. The STARlight predictions underestimate all the cross section at around the 2 sigma level, except XnXn where the difference is smaller. The behaviour of the CCKT model based on hot spots is quite similar to the upper limit of GKZ; the CCKT (nuclear) variant of this model is some 10% larger than the predictions of the CCKT model with hot spots. Finally, the GMMNS model predicts cross sections larger than STARlight, but still underestimating the measurements except in the XnXn class. Taking into account the spread of the models and the uncertainties of data the agreement between the models and the measurement appears in most cases satisfactory, particularly for the predictions of the GKZ model. This overall description of data by models suggests that the method to obtain the individual photonuclear contributions to the coherent production of ρ 0 using forward-neutron classes [9, 42] may be applied to the data, specially once the uncertainties in the measurements are reduced and the spread on the theoretical ρ 0 photoproduction in Pb-Pb UPC at √ s NN = 5.02 TeV ALICE Collaboration predictions is better understood.
Contributions from continuum production
The |B/A| ratio, see Eq. (1), quantifies the contribution of the continuum in relation to the resonance production cross section. The value found at midrapidity for no forward-neutron selection is 0.57 ± 0.01 (stat.) ± 0.02 (syst.) (GeV/c 2 ) − 1 2 , where the only contribution to the systematic uncertainty are the variations in the fit procedure. The measured value can be compared with that found for the same process at √ s NN = 2.76 TeV: 0.50 ± 0.04 (stat.) +0.10 −0.04 (syst.) (GeV/c 2 ) − 1 2 [14] . Within the current systematic uncertainties, the ratio can be taken as constant both as a function of rapidity and for the different forward-neutron classes. Nonetheless data seems to indicate a small decrease of the ratio with rapidity for the no forward selection case: |B/A| = 0.56 ± 0.01 (stat.) ± 0.02 (syst.) (GeV/c 2 ) − 1 2 and |B/A| = 0.52 ± 0.01 (stat.) ± 0.01 (syst.) (GeV/c 2 ) − 1 2 for the 0.2 < |y| < 0.45 and 0.45 < |y| < 0.8 intervals, respectively. It would be interesting if such a trend is observed with the large data sample and the improved precision, expected from the LHC Run 3 and 4 [43] .
The corresponding ratio in coherent Au-Au UPC measured by STAR at √ s NN = 200 GeV is 0.79 ± 0.01 (stat.) ± 0.08 (syst.) (GeV/c 2 ) − 1 2 [13] . These results for production off heavy nuclear targets, can be compared with those from exclusive ρ 0 photoproduction off protons. Note that value of |B/A| might depend on the range in |t| selected to perform the measurement, where t is the square of the four momentum transfer at the target vertex. The CMS Collaboration measured 0.50 ± 0.06 (stat.) (GeV/c 2 ) − 1 2 in p-Pb UPC at √ s NN = 5.02 TeV [44] for |t| < 0.5 GeV 2 . The ZEUS Collaboration, using a sample of positron-proton collisions at a centre-of-mass energy of 300 GeV, reports 0.67 ± 0.02 (stat.) ± 0.04 (syst.) (GeV/c 2 ) − 1 2 for their full analysed sample, and ≈ 0.8 (GeV/c 2 ) − 1 2 for t values similar to those of coherent ρ 0 production in Pb-Pb UPC [45] . Overall, the ratio of the continuum to the resonance production of π + π − pairs seems to be sensitive to both the kinematics of the interaction and the type of target, but no clear picture has yet emerged.
Observation of a resonance-like structure
As shown in Fig. 4 , there seems to be a resonance-like structure in the region m > 1.2 GeV/c 2 . The model of Eq. (4) yields a mass of (1725 ± 17) MeV/c 2 and width (143 ± 21) MeV/c 2 , where the quoted uncertainties correspond to statistical fluctuations only. As shown in the same figure, this resonance-like object has very low transverse momentum as expected from a coherent-production process.
Such an object is also seen by the STAR Collaboration [33] albeit at a slightly lower mass of 1.65 GeV/c 2 , but with a similar width. ZEUS reports a peak around 1.8 GeV/c 2 for exclusive electroproduction of π + π − pairs [46]. More recently, H1 reports a peak at 1.6 GeV/c 2 in the exclusive photoproduction of the ρ 0 meson [47] . As suggested in [33] , this resonance is also compatible with the ρ 3 (1690) listed in the PDG, which has a total angular momentum J = 3 [32] .
The large data samples expected in Run 3 and Run 4 at the LHC [43] may help to shed light on the origin and structure of this object.
Summary and outlook
The rapidity dependence of the coherent ρ 0 vector meson production cross section in Pb-Pb UPC at √ s NN = 5.02 TeV has been presented. In each rapidity range, the cross section is measured for different classes of events defined by the presence of neutrons at beam rapidities. The cross sections are compared with the main available models of this process. The measurements of coherent ρ 0 photoproduction are in good agreement both with models following the parton-based colour-dipole approach and with the framework of Gribov-Glauber shadowing based on hadronic degrees of freedom. The models [9, 41] of ρ 0 photoproduction in Pb-Pb UPC at √ s NN = 5.02 TeV ALICE Collaboration electromagnetic nuclear dissociation accompanying vector meson photoproduction provide a satisfactory description of the measured cross sections for different neutron emission classes. This observation suggests that the method proposed in [42] to decouple the low-photon-energy from the high-photon-energy contribution to the UPC cross section using neutron-differential measurements might also be applicable at forward rapidities, which is specially important in view of the expected data samples to be recorded at the LHC during the Run 3 and 4 [43] .
In addition, the coherent photoproduction of a resonance-like object with a mass around 1.7 GeV/c 2 which decays into a π + π − pair is reported and compared with similar observations from other experiments. 
